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ABSTRACT 

High power space systems which use low dc 
voltage, high current sources such as thermo- 
electric generators, will most likely require high 
voltage conversion for transmission purposes. This 
study considers the use of the Schwarz resonant 
converter for use as the basic building block to 
accomplish this low-to-hlgh voltage conversion for 
either a dc or an ac spacecraft bus. The Schwarz 
converter has the Important assets of both Inherent 
fault tolerance and resonant operation and parallel 
operation In modular form Is possible. A regulated 
dc spacecraft bus requires only a single stage con- 
verter while a constant frequency ac bus requires 
a cascaded Schwarz converter configuration. If the 
power system requires constant output power from 
the dc generator, then a second converter Is 
required to route unneeded power to a ballast load. 

INTRODUCTION 

Future spacecraft having electrical power 
requirements In excess of 100 kW will probably 
require a compact energy source such as a space- 
type nuclear reactor J Potential power conver- 
sion systems for space nuclear power systems 
Include direct energy conversion systems such as 
thermoelectrics or thermlonlcs, and thermodynamic 
systems which convert mechanical to electrical 
power by means of rotary or linear alternators. 

A potential problem for direct energy conver- 
sion Is the low voltage and high current output of 
these systems. Voltage of 50 V dc or lower are 
possible dependent upon advances made with these 
systems. For example, a 100 kW, 100 V dc-source 
will have a current of 1000 A, which would give 
either a heavy cable with low transmission losses 
or a high temperature light weight cable with high 
transmission losses. To avoid either high cable 
mass or high transmission losses, It will be neces- 
sary to Increase the transmission voltage (and thus 
decrease the current) by means of an electronic 
converter. The term converter here will be used 
to designate both circuits with dc-outputs and 
those with ac-outputs. 

The voltage transmission level will also be 
dependent on the required separation distance 
between the power conversion source and the space- 
craft bus. Long transmission distances will 
require high transmission voltages In order to 
obtain light weight and low loss cables. For 
nuclear power systems, the separation distance 
between the power conversion system and the space- 
craft bus will be determined by the spacecraft's 
mission and a trade-off between the reactor shield- 
ing mass and the separation distance. The block 


diagram for a spacepower system using thermo- 
electric power conversion Is shown In Fig. 1. 

A possible requirement of nuclear power sys- 
tems such as shown In Fig. 1 will be the need to 
maintain a constant load on the reactor. One means 
of doing this, Is to use a second converter to 
drive a ballast load. In this arrangement, Con- 
verter number 2 monitors the output power of the 
thermoelectric converter. As the spacecraft load 
varies. Converter number 2 varies Its output such 
that the total output power remains constant. 

This paper Is concerned with the results, to 
date, of a study to determine appropriate types of 
electronic converters for this system. Any accept- 
able circuit should at least meet the following 
criteria: 

(1) It should be fault tolerant, l.e.. It 
should be able to continue to operate for at least 
a short time or shut down with either a short or 
an open circuit across Its output. 

(2) It should operate at a high frequency to 
minimize magnetic component and capacitor mass. 

(3) It should have a topology which minimizes 
component stresses and power losses. 

The above criteria are very Important from 
reliability and performance considerations, but 
they greatly reduce the number of acceptable topol- 
ogies. Although Improvements In other power con- 
verter circuits continues. It appears that the 
above criteria can be met by the Schwarz series 
resonant converter. A series resonant circuit 
gives "zero* current switching which gives this 
converter a substantial advantage. 

The basic circuit and output waveform of a 
Schwarz circuit are shown In Figs. 2 and 3. The 
circuit Is often called a series resonant converter 
since the load Is In series with the LC resonant 
components. On a typical half cycle, Q2 and Q3 
conduct until the current 1 (t) reverses at 
w 0 t * 6 to start the next half cycle. The out- 
put voltage, V 0 , can be modeled as a constant 
voltage that switches polarity so that It always 
opposes 1 (t). Power output Is controlled by 
variation of the period, y. An Increase In y 
causes a decrease In power output. An Important 
advantage of the series resonant circuit Is that 
L and C remain In series with the switching 
transistors, even If a short circuit should occur 
across V 0 . This means that this circuit Inher- 
ently meets the current fault tolerant condition 
since this circuit will operate In a current limit 
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mode with V 0 * 0. Some types of resonant con- 
verters connect the load In parallel with C, In 
which case C Is discharged If a short circuit 
occurs. This makes fault protection much more 
difficult. 

In summary, this study Indicates that the 
Schwarz converter can be used as a basic building 
block for either dc or ac transmission systems. 

It also appears that It would be a particularly 
good candidate for high power spacecraft systems 
because of Its high efficiency and fault tolerant 
characteristics . 

ELECTRONIC CONVERTER NUMBER 1 

Although this paper Is limited to electronic 
converters of the Schwarz topology 2 " 10 for the 
basic building blocks, this still allows the choice 
of either a dc or an ac spacecraft power bus. The 
purpose of electronic Converter number 1 as shown 
In Fig. 1 Is to convert the low dc voltage from the 
thermoelectric converter to a high voltage for 
transmission to the spacecraft bus. High voltage 
transmission Is required If a low mass and low loss 
transmission cable Is to be realized. 

If a regulated dc bus Is desired, then the 
power system Is rather simple and only one con- 
verter stage is required as shown In Fig. 2. How- 
ever, to achieve high power levels It will probably 
be necessary to connect several converters In par- 
allel from a single voltage source as shown In 
Fig. 4. At least one previous study 11 shows that 
this type of parallel operation Is feasible and It 
provides the advantage of both redundancy and mod- 
ularization. This same arrangement of n parallel 
converters could be used If several low voltage 
sources were available. In this case each low 
voltage source would feed a single converter and 
the parallel converter arrangement would then 
transmit high voltage dc to the spacecraft bus. 

OC transmission has an advantage In that the 
Inductance and capacitance of the cables are of no 
Importance, and cable design Is dictated primarily 
by temperature and voltage requirements. DC trans- 
mission lines avoid the more comDlex cables 
required for 20 kHz transmission 12 where series 
Inductance Increases the voltage drop and shunt 
capacitance Increases the converter load. 

As both the power levels and transmission 
distances Increase between power source and load 
bus, the transmission line becomes an Important 
element In the power chain. In Ref. 13, a study 
was made of the mass and loss characteristics of a 
radiation cooled dc transmission line. The geom- 
etry of the transmission line analyzed was a non- 
Insulated solid cylindrical conductor. The 
transmission line In this case not only transmits 
the power but also acts as Its own radiator by 
directly radiating to space the electrical power 
losses generated within the transmission line's 
conductor material. If the transmission line must 
be flexible for deployment purposes, then a cable 
composed of fine stranded wire may be required. 

Figure 5 uses the results of Ref. 13 and shows 
the transmission line's conductor mass as a func- 
tion of the percent power loss. The percent power 
loss Is defined as the percent of generated power 
converted to electrical losses. Figure 5 Is plot- 
ted for a generator output, Pg, of 100 kW, a 


length L of 50 m Including return line, a sink 
temperature of 273 K, a view factor, y, to space 
of 0.84, and an emlsslvlty, c, of 0.80. The left 
plot Is for a copper conductor line, while the 
right plot Is for an aluminum conductor. The solid 
lines In the figure represent equal voltage and the 
dashed lines represent equal operating tempera- 
tures. For a given voltage It Is seen that the 
conductor mass Is reduced but the percent power 
loss Is Increased for Increased operating tempera- 
tures. The Increase In operating temperature Is 
caused by reducing the diameter of the wire. For 
a given operating temperature, an Increase In volt- 
age causes both a decrease In conductor mass and 
percent power loss. 

In Table 1 a comparison Is made between a 
copper and an aluminum conductor dc transmission 
line for the same conditions used for the plots In 
Fig. 5. These results show that for a given volt- 
age and operating temperature, an aluminum conduc- 
tor transmission line gives a 58 percent decrease 
In mass for an 18 percent Increase In percent power 
loss and wire diameter. Since the volume of the 
conductor Is proportional to Its diameter squared, 
then for equal lengths, the aluminum line has 
38 percent more volume than the copper line. If 
the means to transport the transmission line to 
space Is volume limited rather than mass limited, 
then some of the advantages of an aluminum line 
over a copper line begin to disappear. 

The results given In Fig. 5 and Table 1 demon- 
strates the advantages of high voltage transmis- 
sion. If the power conversion source voltage Is 
low, then a step up Converter (Fig. 1) Is needed. 
For example, from Table 1 It Is seen that a 500 V 
line operating at 400 K gives both a reasonable 
transmission line mass as well as a low power loss. 

From a systems viewpoint It must be noted that 
the sum of the masses of the electronic converter 
and the high voltage transmission line and the com- 
bined losses of the converter and the high voltage 
line must be less than these same quantities for a 
low voltage transmission system. It must be recog- 
nized that converters add complexity to the power 
transmission system and unless their use can show 
clear advantages, then no need exists to use them. 
However, If the loads require voltages other than 
that provided by the low voltage source, then volt- 
age conversion will be required at the loads. 

Thus, for loads requiring voltage conversion, Con- 
verter number 1 could provide both high voltage 
transmission and distribution and the overall power 
system could show clear advantages In terms of mass 
and power savings. 

If an ac spacecraft bus Is required, then Con- 
verter number 1 In Fig. 1 could consist of two 
Schwarz converters connected In the cascade 
arrangement shown In Fig. 6. The first stage 
(Q1-Q4) Is the same as the converter shown In 
Fig. 2 except stage (Q5-Q8) two now becomes the 
load. The first stage acts as a regulated dc power 
supply while the second stage functions as a fixed 
frequency ac power supply. Thus, for this cascade 
topology, the frequency of the ac bus voltage Is 
fixed and Its amplitude Is regulated. It should 
be noted that the power levels between the first 
and second stage Is dc. Thus, If the first stage 
Is located at the low voltage power conversion 
source, and the second stage at the spacecraft 
power bus, then this dc link would be the high 
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voltage dc transmission line and, as previously 
discussed, the advantage of low cable mass and 
electrical power loss would be realized. If stage 
one Is located at the power conversion source which 
utilizes a nuclear reactor to provide Its heat 
Input, then this stage would be subjected to quite 
adverse environmental conditions. The converter's 
components would need to be shielded against gamma 
and neutron fluxes or else be radiation hardened 
to operate effectively In this environment. It Is 
also quite possible that stage one would also be 
subjected to a high temperature environment and 
thus, an additional stress would be Imposed on the 
components. If the components of stage one require 
both shielding and radiators to provide cooling, 
then the mass of the power system Increases. This 
Increase In mass must be such that locating the 
converter near the low voltage source shows a clear 
advantage In terms of power system mass and power 
loss savings. The development of high power radia- 
tion resistant and high temperature components for 
this type of environment could possibly negate the 
need for the shielding and radiators for stage one. 

An anticipated criticism of the cascaded 
Schwarz topology Is that It requires two stages of 
power processing, and thus causes a decrease In 
efficiency since the overall efficiency of this 
arrangement Is equal to the product of the effi- 
ciency of each stage. Initial laboratory results 
Indicate that this decrease In efficiency Is only 
about 2 to 3 percent. 11 The reason for this 
small decrease In efficiency Is that the second 
stage does not Include a transformer, so this 
stage's only significant losses are the switching 
losses and the losses In the resonant components 
1-2 and C 2 . It has as yet to be fully determined 
whether this cascaded approach Is any less effi- 
cient compared to other approaches but It seems 
evident that this topology should be more reliable 
because of Its relative simplicity. 

The cascaded Schwarz converters should be 
designed for high-frequency operation In order to 
realize low mass reactive components. Lightweight, 
high power, high frequency space-type trans- 
formers 14 and resonant capacitors 1 * have been 
developed for converter application. In Fig. 6 It 
should be observed that the operating frequency of 
stage two Is Independent of the operating frequency 
of stage one so that each stage can be designed for 
different operating frequencies. The desired ac 
distribution bus frequency Is determined by the 
fixed frequency oscillator driving stage two. 

Since stage one regulates the voltage amplitude on 
the ac bus by varying the period, y, as shown In 
Fig. 3, then the transformer T 0 In stage one 
must be designed for Its lowest operating frequency 
In order to prevent magnetic core saturation. 

An advantage of an ac distribution system Is 
that the necessary voltage conversion for the 
loads can be performed by transformers and then 
rectified If dc Is required. Thus, dc to dc con- 
verters, which are required for dc distribution, 
are no longer required. These load transformers 
should also be operated at high frequency to 
achieve low mass. A fundamental question Is: How 

high should the frequency be before the mass 
savings become Insignificant? In Ref. 14 an analy- 
sis was performed to determine mass dependency on 
frequency. The results of this study are shown In 
Fig. 7. In this figure the normalized specific 
mass Is plotted as a function of the transformer's 


kVA-ratlng. In the figure, a, Is the fraction of 
core window filled with winding conductor, Js Is 
the load current density In the windings, (SF)c 
Is the stacking factor of the core, (FF) Is the 
voltage form factor, and Dw 1$ the density of the 
winding conductor. Each curve In this plot repre- 
sents a given frequency and for this frequency a 
value of magnetic flux density, Bm, Is selected so 
as to avoid excessive specific core losses. The 
curves show that for a given frequency, the normal- 
ized specific mass decreases as the kVA-ratlng 
Increases. Also, as the frequency Is Increased, 
the normalized specific mass decreases but the rate 
of decrease diminishes as the frequency Increases. 
Thus, It Is seen that from 60 to 400 Hz consider- 
able mass savings result and, likewise, from 400 to 
2000 Hz considerable mass savings result. However, 
a comparison of the 20 and 50 kHz curves shows that 
minimal mass savings are realized by going to 
50 kHz; so beyond 20 kHz the mass savings become 
Insignificant. 

The shape of the waveforms that will appear 
on the ac distribution bus will now be discussed. 

If the bus and distribution lines have a relatively 
small shunt capacitance, then the voltage and cur- 
rent waveforms will be similar to those shown In 
Fig. 3. However, If a 20 kHz cable similar to that 
described In Ref. 12 Is used for distribution of 
spacecraft power, then the shunt capacitance would 
be quite significant. The capacitance of the cable 
at 20 kHz presents a large reactive load to the 
converter and, thus, decreases the available load 
power. Because of this, It may be necessary to 
connect shunt Inductors across the cable to compen- 
sate for the cables capacitance. With shunt 
Inductance added to the line, the voltage waveform 
would become trapezoidal In shape and not a square 
wave as shown In Fig. 3. This trapezoidal waveform 
appears to present no problems for anticipated 
loads unless the loads must operate with either a 
sine or a square wave voltage. Heating and light- 
ing loads may be able to use this distorted wave 
form directly, and all dc power supplies and elec- 
tric motors may require rectification and 
f 1 1 ter Ing . 

ELECTRONIC CONVERTER NUMBER 2 

Since the only purpose of Converter number 2 
In Fig. 1 Is to ensure a constant electrical load, 
then It does not matter whether Its output Is ac 
or dc. .However, since the behavior of the Schwarz 
converter with Its dc output Is developed and 
understood. It would seem appropriate to use this 
circuit to drive the ballast load. In this case, 
Converter number 2 would be Identical to the cir- 
cuit In Fig. 2, although probably composed of par- 
allel modules as shown In Fig. 4. 

LOADING CONVERTER NUMBER 1 WITH CONVERTER NUMBER 2 

A characteristic of the Schwarz converter Is 
that a constant output load gives an "almost" con- 
stant output frequency. The only output frequency 
variations would be due to possible variations In 
the Input voltage. It Is estimated that an Input 
voltage change of ±12.5 percent would cause a fre- 
quency variation of only ±1.9 percent. 

Since the output power of both electronic Con- 
verter number 1 and number 2 In Fig. 1 are variable 
In order to maintain constant system power, then 
the transformers In both of these converters need 
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to operate over a variable frequency range. 

Reduced load conditions on the spacecraft bus would 
require the period y (as shown In Fig. 3) of elec- 
tronic Converter number 1 to Increase and there- 
fore, decrease the operating frequency of this 
converter’s output transformer. If Converter 
number 2 also uses an output transformer, then the 
same condition applies to this output transformer 
when the ballast load dissipates less than full 
load power. For constant Input voltage to Con- 
verter number 1 and number 2, the flux density of 
these converters transformers must Increase as the 
frequency decreases. At light loads the flux dens- 
ity In these transformers will be approximately 
double that under full load conditions. Thus, a 
converter with a 20 kHz resonant frequency must use 
a transformer designed for 10 kHz. As Indicated 
above, a Schwarz converter with a constant load 
will have an “almost" constant output frequency. 
Thus, the converter's transformer can be designed 
for a frequency slightly less than Its resonant 
frequency with the result being a lighter trans- 
former as shown In Fig. 7. 

The possibility of realizing transformer mass 
savings by operating Converter number 1 with a con- 
stant load can be achieved by connecting Converter 
number 2 to Converter number 1 as shown In Fig. 8. 
The difference between the power processing cir- 
cuits of Fig. 8 and Fig. 1 Is that Converter 
number 2 In Fig. 8 operates In parallel with the 
spacecraft bus while In Fig. 1, Converter number 1 
and number 2 operate In parallel with the thermo- 
electric generator. 

The circuit arrangement of the converters In 
Fig. 8 permits either a dc or an ac spacecraft bus. 
If an ac bus Is desired, then the circuit configur- 
ation of Fig. 8 gains an advantage over the pre- 
viously discussed variable frequency cascade 
Schwarz circuit In Fig. 6. As previously Indi- 
cated, a constant load on Converter number 1 gives 
an "almost" constant output frequency. The slight 
deviation In output frequency (±1.9 percent) for a 
±12.5 percent Input voltage variation Is probably 
acceptable for ac spacecraft requirements. Hence, 
Converter 1 would require a single stage rather 
than the two stage arrangement shown In Fig. 6. 

The elimination of stage two would result In 
reduced mass, power loss, and complexity. 

Although the power conditioning system In 
Fig. 8 shows several advantages for either an ac 
or dc spacecraft bus, this particular power proc- 
essing scheme could present an unacceptable reli- 
ability problem. The potential problem Is that If 
a short circuit fault should occur across the 
spacecraft bus and the circuit breaker for the bus 
failed to respond, then both Converter number 1 and 
number 2 would go Into their current limiting mode. 
The result would be that neither converter could 
deliver the full output power generated by the 
thermoelectric converter. The Implications of this 
loss of electrical load on the nuclear reactor 
needs to be more throughly Investigated before this 
particular power processing scheme Is acceptable 
for future consideration as a space power proc- 
essing candidate. 

CONCLUSION 

The results of this study Indicate that high 
voltage conversion for transmission purposes may 
be required for dc power generators having low 


voltage, high current outputs. As the separation 
distance between the generator and spacecraft power 
levels Increase, then high-voltage transmission Is 
necessary In order to avoid either very heavy or 
very lossy transmission lines. 

This study considers the use of the Schwarz 
series resonant converter for use as the basic 
building block to accomplish this low-to-hlgh volt- 
age conversion for either a dc or an ac spacecraft 
bus. The Schwarz converter has the Important 
assets of both fault tolerance and resonant opera- 
tion and modularization of these converters for 
parallel operation Is also possible. Parallel 
operation could be required for either reliability 
purposes or for delivering large quantities of 
power to the spacecraft bus from either a single 
or multiple low voltage generator source. 

If a dc spacecraft bus having good voltage 
regulation Is desired, then only a single stage 
Schwarz converter Is required. If an ac bus having 
both good voltage regulation and constant frequency 
Is desired, then a cascaded Schwarz converter con- 
figuration Is required. If the power system Is 
required to maintain constant output power, then a 
second converter Is required to route unneeded 
spacecraft power to a ballast load. If this second 
converter Is operated In parallel with the space- 
craft bus, then the spacecraft bus converter sees 
a constant load. This parallel operation of the 
bus and ballast converter leads to certain advan- 
tages not realized If the ballast converter Is 
connected directly to the low voltage generator 
source. 
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TABLE 1. - COMPARISON OF Cu AND A1 dc - TRANSMISSION LINE 
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FIGURE 1. - SPACE POWER SYSTEM USING THERMOELECTRIC POWER CONVERSION. 



FIGURE 2.- FULL BRIDGE SCHWARZ SERIES RESONANT CONVERTER. 
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FIGURE 3. - CONTINUOUS CONDUCTION MODE LOAD VOLTAGE AND CURRENT 
FOR THE SCHWARZ CONVERTER. 
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FIGURE 4. - PARALLEL CONNECTION OF n SERIES RESONANT CONVERTERS. 
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FIGURE 5. - MASS VERSUS PERCENT POWER LOSS FOR A dc TRANSMISSION LINE. PARAMETERS: VOLTAGE AND 
OPERATING TEMPERATURE. 
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FIGURE 6. - CASCADED SCHWARZ CONVERTER WITH FIXED FREQUENCY OUTPUT. 
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FIGURE 7. - NORMALIZED SPECIFIC WEIGHT AS A FUNCTION 
OF TRANSFORMER kVA RATING. 
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FIGURE 8. - METHOD TO OPERATE CONVERTER WITH A CONSTANT LOAD. 
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verter for use as the basic building block to accomplish this low-to-hlgh voltage 
conversion for either a dc or an ac spacecraft bus. The Schwarz converter has 
the Important assets of both Inherent fault tolerance and resonant operation and 
parallel operation In modular form Is possible. A regulated dc spacecraft bus 
requires only a single stage converter while a constant frequency ac bus requires 
a cascaded Schwarz converter configuration. If the power system requires con- 
stant output power from the dc generator, then a second converter Is required to 
route unneeded power to a ballast load. 
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